Abstract--In solutions of poly(2,6 dimethyl-l,4 phenylene oxide) in toluene, the nucleation of the newly formed phase during liquid-liquid phase separation takes place after induction periods which vary between several minutes (at temperatures close to the spinodal) and several hours (at temperatures close to the cloudpoint). The growth of the nuclei in the initial stages is diffusion controlled. The diffusion coefficients and the activation energy of diffusion were calculated. From these values, together with the calculated volume free energies and the experimental induction times, an estimate could be made of the size of a critical nucleus and of the surface free energy of the nuclei.
INTRODUCTION
DIRECT measurements of homogeneous nucleation rates have been possible in inorganic glass-forming systems in which non-crystalline phase separation occurs below the liquidus. (1) By electron microscopy, direct measurements could be performed of nucleation rates during transient times, as well as in the steady-state. The kinetics of these separations occurring within the miscibility gap were described in terms of an induction period, followed by nucleation and growth or by spinodal decomposition.
Phase separation phenomena of poly(2,6 dimethyl-l,4 phenylene oxide)-toluene solutions proceed along analogous ways/2'3) Upon cooling a homogeneous solution, liquid-liquid phase separation will take place either by the nucleation and growth mechanism or by the spinodal decomposition. Electron-microscopy has shown that nucleation takes place after induction periods which, depending upon temperature and concentration, can reach values up to several hours. ~4) In contrast with most other liquid polymer systems, the growth rates of the nuclei, once formed, have such relatively small values that the growth of the nuclei can be followed under the light microscope.
A survey of the observations of nucleation and growth of solutions of poly(2,6 dimethyl-l,4 phenylene oxide) in toluene is presented in this paper. EXPERIMENTAL Appropriate amounts of poly(2,6 dimethyl-l,4 phenylene oxide) and toluene were weighed into glass tubes with two parallel sides, the tubes being sealed at liquid nitrogen temperature under vacuum. Complete dissolution was obtained by heating in a thermostat bath at 150 °. Subsequently these tubes were brought into an air thermostat at the temperature at which phase separation by nucleation and growth was known to occur. The temperature control was within 0.1 °. The growth of the nuclei was studied under the light microscope with photographic means. * Present address: General Electric Plastics B.V. Bergen op Zoom, The Netherlands. 931
THEORETICAL CONSIDERATIONS Induction times
The rate of formation of nuclei at a certain time t after changing the stability conditions is given by :(s.6)
J(t) = number of nuclei formed per unit time at time t Jo = nucleation rate in the steady state ~-= induction time.
For the induction time, the following expression is valid :c6,7)
k = Boltzmann constant T = absolute temperature s(n*) = surface of a critical nucleus that contains n* particles v = transport frequency
The free enthalpy of formation of a spherical nucleus that contains n particles, AG(n), is given by: (7) 
Substitution of (5) in (4) gives
For a condensed system, the supersaturation of the system is related to the volume free energy, controlling phase separation, by"
kT In/3 AGo = ~
/)
The expression for ,~ therefore can be written as
The transport frequency v for a liquid polymer system is related to the jump frequency ta'9) F of the segments of the polymer. For a volume unit of the polymer system one can write (t°) v = N1 8Fo exp(--AGa/kT) (9) Nt = number of molecules in a volume unit = interparticle distance Fo = a factor proportional to kT/h (h is Planck's constant) and dependent upon the stiffness of the polymer chain.t ~ ~) AG, = activation energy for diffusion.
Substitution of (8) and (9) in (2) results in:
Since s(n*) can be expressed in terms of r*, the size of the critical nucleus, and since this latter quantity is related to ~ and AGv by 2cr r* = --(11) AG~,"
Eqn. (10) can be written as:
For our system r can be obtained directly from experiments, AG o can be calculated and AGa can be obtained from experimental growth data of the nuclei. Therefore r* can be calculated from Eqn. (12) if suitable values for N1, 3, Fo and v are inserted. This calculated value for r* will be compared with an experimental value obtained earlier by electron microscopy. (4) Using Eqn. (11), ~r can be calculated also.
Calculation of AGv
The volume free energy, AGo, can be calculated if, for the system, the Gibbs free energy of mixing, AGm, is known as a function of concentration and temperature.
For a polymer solution, AGm, expressed in weight fractions, in a volume element, AV, is given by: (12) [
l weight fraction of the solvent weight fraction of the polymer component i total weight fraction of the polymer molecular weight of the solvent molecular weight of component i of the polymer density of the solution universal gas constant free enthalpy correction parameter.
AGm for the system poly(2,6 dimethyl-l,4 phenylene oxide) toluene can be calculated ¢t3) with a temperature-and concentration-dependent interaction parameter g, given by
g -----go + gl wx (14) in which and 566.0 --6.7(T --273) go = (15) RT
--0.7(T-273) g~ ----(16) RT
Taking pAV/Mo ----1 in Eqn. (13), the free energies driving phase separation at various concentrations and temperatures can be obtained using the following expression :¢~)
where W2 = weight fraction of polymer in the homogeneous solution (i.e. before phase separation) w~ = weight fraction of polymer in the dilute phase at equilibrium w3 = weight fraction of polymer in the concentrated phase at equilibrium VMo = volume of Mo of the homogeneous solution.
Diffusion coefficient and activation energy of diffusion
The diffusion coefficient for a particular process can be calculated if the rate of growth of a spherical particle can be measured and the degree of supersaturation is known.(14~ In systems where liquid-liquid phase separation is known to occur, the degree of supersaturation is expressed as:
kT Here v again is the volume of a molecule (or polymer segment) andf(S) is a complicated function of S, a measure of the supersaturation of the system. S is equal to r/D~'t ~, where r is the radius of the growing particle, D is the diffusivity and t is time. 
in which dA/dt represents the growth of area of a spherical particle, D can be calculated.
From the plot of In D vs 1/T, the activation energy of diffusion can thus be obtained.
RESULTS

Experimental 7-values
The growth of the nuclei has been measured at temperatures between the cloudpoint and the spinodal of solutions of 30, 40 and 50 per cent of weight poly(2,6 dimethyl-l,4 phenylene oxide) in toluene.
The growth data of a 30 per cent of weight solution at various temperatures are shown in Fig. 1. For that particular Nuclei were observed after a certain induction time which approached zero at temperatures near the spinodal temperature and which were several hours at temperatures close to the cloudpoint. To test the possibility that early in the induction period nuclei were formed and might be too small to detect under the light microscope, samples were studied at appropriate times and temperatures with the transmission electron microscope using the freeze etching technique during sample preparation3 4~ This investigation showed indeed that during the induction period no nuclei were formed.
By plotting d 2 vs t, as in Fig. 2 , and extrapolating to d 2 = 0, the induction periods were obtained as a function of temperature ( Table 1 ). The plot of In ~-against lIT is linear (Fig. 3) . This is rather unexpected, given the complicated dependency of r on temperature suggested by Eqn. (12) . 
Calculation of AGo
Using Eqn. (17), the volume free energy associated with phase separation for a 30, 40 and 50 per cent of weight solution of poly(2,6 dimethyl-l,4 phenylene oxide) in toluene was calculated at various temperatures, while taking for Vr% the values 100.10, 98.06 and 96.05 at the concentrations mentioned.
The results are given in Table I . Substitution of these values in Eqn. (19) gave values of the diffusion coefficients (see Table 2 ). From the plot of In D vs lIT (Fig. 4) , the activation energy of diffusion was obtained with the least squares method (see Table 2 ).
Calculation of the diffusion coefficient and the activation energy of diffusion
Calculation of the size of the critical nucleus and of the interfacial free energy
With the calculated values of AGa and AGo, r* can be obtained if the experimental values of ~-are substituted in Eqn. (12) , taking N~ = 10 is cm -3, the estimated number of polymer molecules in a volume unit of a 30 per cent polymer solution, a = 10 -7 cm, the estimated interparticle distance and v -----17.6 × 10 -23 cm 3, the volume of a polymer segment. The value of Fo depends strongly upon the stiffness of the polymer. (tl) For polyethylene Fo -----11 × 10 ~2, for polychlorotrifluoroethylene 5"2 x 10 ~°) and for isotactic polystyrene 1.8 × l0 s. The glass transition temperatures for these polymers are respectively 253°K, 325°K and 358°K. The T o of poly(2,6 dimethyl-l,4 phenylene oxide) is 490°K, indicating the much higher stiffness of this polymer compared with, for example, isotactic-polystyrene.
As an estimate of Fo for poly(2,6 dimethyl-l,4 phenylene oxide), the value of 104 has been chosen. In principle, one could obtain an experimental value for Fo from measurements of the rate of nucleation. This type of measurements, however, for the system poly(2,6 dimethyl-l,4 phenylene oxide)-toluene failed with the available experimental means.
The calculated critical radii of the nuclei of a 30 per cent of weight poly(2,6 dimethyl-l,4 phenylene oxide)-toluene solution at various temperatures are given in Table 3 , together with the values of a. If suitable values for Fo for 40 and 50 per cent solutions were known, the critical radii for these concentrations could be calculated in the same way. DISCUSSION 1. Since the plot of the growth of area of the nuclei formed in poly(2,6 dimethyl-1,4 phenylene oxide)-toluene solutions versus time is linear (Fig. 2) , the growth of the nuclei is a diffusion controlled process.
From differential scanning calorimetric experiments (15) performed with these solutions, it has been concluded that the concentrated phase will crystallize if kept at the demixing temperature for a certain time. Only in the initial stages of the demixing process, the growth of the nuclei is diffusion controlled.
2. The growth rates of the nuclei become larger at temperatures close to the spinodal. The activation energy of diffusion has a constant value for a given concentration, but the volume free energy increases at lower temperatures. As a result, induction times will be smaller and growth rates increase.
For T = 52°C, r* is calculated to be 405 A, a value which agrees very well with the size of nuclei found earlier by transmission electron microscopy. ~4) However, the value of a seems to be rather high. This is probably due to the rough estimates used for the values of Fo, N1, 8 and v. Especially Fo may be much smaller than 104. This will have a very marked effect upon the calculation of r* and a. To conclude we can say that, although there still are some uncertainties about the true values of r* and ~, the experiments are qualitatively in agreement with the theoretical considerations.
